, which corresponds to about 1 ppt.
Nevertheless, the Jet-REMPI method has not been used in practical environmental analysis. One of the reasons is the complicated detection system. The Jet-REMPI method has been developed in molecular spectroscopy, but the vacuum chamber has not been sufficiently simplified. Usually the Jet-REMPI employs time-of-flight mass spectrometry (TOF-MS) combined with a molecular beam. However, the molecular beam requires a beam source chamber with a skimmer in addition to an ionization chamber where the laser is introduced. This makes the whole system complicated and expensive. Furthermore, the existence of a beam source chamber weakens the ionization signal, because the sample concentration is strongly diluted when moving along the stream of a supersonic jet. Thus, to use the Jet-REMPI method in environmental analysis, it is very important to simplify the detection system and avoid using a beam source chamber.
When we generate a supersonic jet directly in the ionization chamber, several problems occur. One is discharge between the nozzle and the electrode. The TOF mass spectrometer is usually equipped with parallel-plate electrodes at an applied voltage of a few kV. It is difficult to place a sample inlet nozzle, which is electrically grounded, close to such a high- For the analysis of trace amounts of hazardous organic compounds, we developed a new ion detection system for supersonic jet resonance-enhanced multiphoton laser ionization mass spectrometry. High sensitivity and selectivity have been achieved by combining a proto-type Daly detector, a newly designed conical ion lens, and a potential switch that can perform the function of a mass selector. This ion detection system enables us to bring the jet nozzle closer to the ionization point. The detection sensitivity has thus been improved totally by more than 100 times compared with that obtained by the parallel-plate electrodes and micro-channel plate. We succeeded in assembling a flangeon-type ion extraction electrode consisting of a conical ion lens and a potential switch. voltage electrode. Another problem is that the supersonic jet is disturbed by the parallel-plate electrodes, which cause thermal distributions of the initial states of the sample molecule. Under this condition, various electronic transitions from different initial states are observed, and thus the selectivity of molecules is lowered. To reduce these problems, a newly designed electrode must be developed. One possible solution has been proposed by Oser et al. 17 They developed the electrodes (gridless lens system) for the Jet-REMPI method and achieved a high sensitivity of up to 10 ppt without any precondensation. Because their electrodes are covered by a mesh at the ground voltage, the nozzle can be brought very close to the electrodes. The electrodes have a conical shape to reduce the disturbance to the jet. As described above, this electrode system is a good solution to the discharge and disturbance of the jet. However, it causes another problem in practical use. In their system, the mass spectrometer must be electrically floated at a negative high voltage due to the structure of the electrode in order to have the outer mesh kept electrically grounded. In order to solve this problem, we redesigned the conical ion lens and combined it with a potential switch as a new ion detection system, which enabled us to keep both the mass spectrometer and the outer mesh electrically grounded. The potential switch also plays the role of a mass gate to restrain the saturation of the detector and the preamplifier. Analyzing the trace amounts of hazardous compounds becomes a very important consideration. We also developed a high sensitivity Daly detector to obtain higher sensitivity and then combined it with a newly designed electrode. In this paper, we report on the new ion detection system and demonstrate its advantages based on an application to Jet-REMPI mass spectrometry and REMPI spectroscopy of monochlorobenzene. Figure 1 shows the experimental apparatus schematically. The sample monochlorobenzene (ClBz) was purchased from Wako Pure Chemical Industries, Ltd., and was used without further purification. The vapor of ClBz at room temperature was seeded in He gas (2 atm). For a quantitative analysis, a gas generator (GASTEC PERMEATER PD-1B) was used to produce standard diluted gas. The mixture was expanded as a free jet into the ionization chamber (typically 1 × 10 -5 Torr) through a pulsed valve (General Valve Series 9). The nozzle diameter was 500 µm, and the valve was controlled by a pulse generator (Parker Instrumentation IOTA ONE). The pump laser employed a frequency-doubled dye laser (Sirah: Cobra-Stretch) pumped by the third harmonic of a YAG laser (Spectra Physics: INDI-HG) operated at 20 Hz. The pump laser beam was focused onto a supersonic jet using a 300 mm focal lens. The produced cation was introduced by the ion extraction electrodes to a linear time-of-flight mass spectrometer (flight path, 1.4 m) and detected by a newly designed Daly-type detector, whose yield simply increases by applying higher voltage. 18, 19 So, the high voltage feedthrough (Ceramaseal coaxial SHV 20 kV), which can be applied up to -20 kV, was set with the Daly detector which we originally fabricated to obtain higher sensitivity.
Experimental
On the other hand, the high sensitivity detector and the preamplifier are easily saturated by the detection of unexpected large signals of the non-resonantly ionized ions resulting from matrix gas components. A potential switch works as the mass gate to avoid detection of the unspecified ion signals. It can prevent the detector and the preamplifier from any saturation of the signals by suppressing unspecified ions.
The detected signal was amplified by a preamplifier (NF BX31A), recorded and averaged by a digital oscilloscope (IWATSU Lecroy: DS-4374L). The waveform data were transferred to a PC, and integrated to obtain the TOF mass spectrum. The same setup was used to measure the REMPI spectra. To measure the REMPI spectrum, the intensity of a specific mass signal was recorded as a function of the pump laser wavelength. DEI PVX-4140 pulse generator was used to supply a high-voltage pulse to the potential switch of our new ion detection system. The pulsed valve, the laser operation, and the pulsed power supply for the potential switch were synchronized by a digital delay/pulse generator (STRANFORD RESEARCH SYSTEMS: DG-535).
The electric field and ion trajectory of the newly designed conical ion lens were simulated by commercial software for the PC (SIMION 7.0). Figure 2 shows a schematic diagram of the high sensitivity Daly detector. This detector consists of an aluminum dynode (Even Cup), a plastic scintillator coated with Al thin film (OHYO KOKEN: NE102A), and a photomultiplier (HAMAMATSU R1450). The cation hit the target, to which a negative high voltage (typically -12 kV) was applied, and then secondary electrons were emitted and accelerated by the same negative high voltage. By using the scintillator, we could convert the electron signal to a photon signal, which was detected by the photomultiplier. Figure 3 shows the dependence of the relative probability of the detection of monochlorobenzene on the voltage applied to the Daly detector. Figure 4 shows an overview of the new ion detection system developed in this study. It consists of a conical ion lens, a potential switch and X-and Y-deflectors. Figure 5 shows the details of the conical ion lens. This structure was originally designed to optimize the collection efficiency of photo-ionized ions by using an ion trajectory simulator (SIMION). The conical ion lens consisted of an outer electrically grounded mesh, a pair of conical repellers and extractors, which were covered with electrically grounded vessel guides, followed by an Einzel (unipotential) lens. Plus and minus high voltage (typically +2.3 kV and -2.3 kV) were applied to the repeller and extractor, respectively. The important feature of this design is that the conical ion lens is covered by an electrically grounded mesh. Thus, we could set the valve close to the ion lens system without any discharge.
20

Results and Discussion
Proto-type Daly detector
Flangeon-type high sensitivity ion extraction system
A simulated equipotential map and ion trajectories of the conical ion lens are also shown in Fig. 5 . The conical ion lens system had a half-spherical equipotential surface, which caused a sharp convergence of the ions, and thus the Einzel lens with a short focal length had to obtain a parallel ion trajectory in the drift region.
Because the ion extractor of the conical ion lens was charged at a negative high voltage, both ends of the Einzel lens had to be given a negative high voltage (-2.3 kV). That is why the flight region had to be kept at the same negative high voltage of -2.3 kV. This made the system complicated. For instance, an inner guide tube at the negative high voltage was required for the ion flight space; in addition, the power supplies of the electrodes following the gridless lens system had to be floated on -2.3 kV. And then we introduced a potential switch, which included a tube electrode (130 mm) connected to a pulsed high-voltage power supply. This electrode usually had an applied voltage of -2.3 kV, and was switched to the ground level at an appropriate time (ton) after irradiation of the laser (t = 0), and kept at this level during ∆t (see Fig. 6 ). The ion arriving from the Einzel lens could go into the potential switch before ton, but could not continue its flight beyond the tube because of the large potential gap between the tube (at -2.3 kV) and the drift region, which was always kept electrically grounded. At ton, the potential of the tube was switched to become electrically grounded for less than several ns. An ion flying in the tube at ton had its electric potential changed to being grounded, and thus could continue flight in the drift region. Therefore, the potential switch enabled us to detect the ion without floating the drift region and the detector. On the other hand, no ion could enter the potential switch after ton because of the electric potential gap. Thus, only the ions flying in the tube at ton -ton + ∆t could arrive at the detector. This means that the potential switch played the role of a mass selector by changing ton and ∆t.
The dynamics of the ions, which passed through the potential switch, were described as follows:
The distance from ionization area to the potential switch was 72.7 mm. And the length of the potential switch was 135 mm. When the potential switch fell down to electrically ground at 2.0 µs after laser exposure, the velocity of the ions detected, which were in the potential switch, could be calculated as 3.60 × 10 4 m/s (front edge of potential switch) to 1.03 × 10 5 m/s (rear edge of potential switch) derived from Eq. (2). According to Eq. (1), the mass range that can be detected was estimated as 40.9 to 330 a.m.u. when ∆t is set for longer than 3.75 µs. The mass number of chlorobenzene was 112 a.m.u. and the lightest fragmented ions detected had mass number 27 a.m.u. (TOF time of the detected ions was 12 µs in Fig. 7a) . The difference between estimated mass number as 40.9 a.m.u. and detected mass number 27 a.m.u. was due to deceleration of the ion velocity at the middle electrode of the Einzel lens. Such a difference also drastically varied in change of the ionization point.
It was possible to keep the potential switch to electrically ground briefly as 2 µs duration, then selected mass range could be very limited. The potential switch fell down to -2.3 kV again before all of the ions had flown through the potential switch. So, the ions remaining in the -2.3 kV applied potential switch were going to be scattered in the TOF chamber.
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To examine our new ion detection system, we measured the TOF spectrum of ClBz (Fig. 7a) . This spectrum was obtained by fixing the UV laser at 272.5 nm, which non-resonantly ionized ClBz molecules via vibronic transitions. In this condition, a high-powered UV laser (7.5 µJ/pulse), which caused strong fragmentations, was required to obtain many kinds of mass peaks. To observe an overview of the TOF spectrum, a potential switch was applied with a long pulse, namely ton and ∆t were fixed at a large value of 6.0 µs. The latest TOF-mass peak, which was observed at 24.3 µs, and indicated by A, was assigned to the parent ion (ClBz + ). The signal indicated by B stands for a fragment ion that Cl atom was dissociated from ClBz. The others were assigned to fragment ions of ClBz, whose aromatic rings were broken.
As mentioned in the previous section, the potential switch played the role of mass selector. Figure 7b shows the massselected TOF spectrum obtained by fixing ton and ∆t at 3.6 µs and 2.0 µs, respectively. In this condition, only the parent ion was observed. Also, the fragment ions could be selected (Figs.  7c, d ). When ∆t was fixed at 2.0 µs and ton was fixed at 3.4 µs, only fragment B (see Fig. 7c ) was observed selectively. Similarly, when ton was changed to 2.8 µs, only fragment C could be observed (Fig. 7d) . This clearly shows that the potential switch worked as a mass selector.
Our ion detection system has the advantage that the pulsed valve can be brought closer to the electrode, which enables us to ionize a concentrated region of the supersonic jet. However, there is the possibility that this will cause supersonic jet turbulence. Actually, turbulence occurred when we used the conventional parallel-plate electrodes. Figure 8a shows the REMPI spectrum of ClBz at around the 0-0 transition region, where the 0-0 transition has been reported, [21] [22] [23] obtained by the parallel-plate electrodes. The power of the UV laser was sufficiently weak (0.05 µJ/pulse) to observe only the resonant signal. The solid and dashed lines show the REMPI spectrum obtained by fixing the distance between the pulsed valve and the ionization point at 55 mm and 95 mm, respectively. Although we could not decrease the distance between the pulsed valve and the ionization point using the parallel-plate electrodes, our 994 ANALYTICAL SCIENCES AUGUST 2005, VOL. 21 new ion detection system enabled us to decrease it, and to maintain a jet-cool condition, simultaneously (Fig. 8b) . This advantage is expected to allow a highly sensitive measurement of jet-cooled REMPI spectra.
To demonstrate this advantage, a quantitative analysis was performed using both electrodes. Figure 9 shows the relations between the concentration of ClBz and the signal intensity of ClBz + . We monitored the parent ion produced by 269.51 nm, which corresponded to the 0-0 transition of ClBz. The distance between the pulsed valve and the ionization point was fixed at 25 mm for the gridless lens system and at 95 mm for the parallel-plate electrode. As shown in the figure, the sensitivity of the system using our new electrode was improved by about 15 times with respect to the parallel-plate electrodes. This result is reasonable based on the concentration of the supersonic jet. The sensitivity of our new ion detection system achieved a 10 ppt order based on the signal strength and the noise level.
We succeeded in assembling the flange (ICF203) on-type ion extraction system combining the conical lens and potential switch. It is exchangeable with the conventional parallel plate electrode.
Conclusion
We successfully developed a highly sensitive and selective Jet-REMPI instrument consisting of a proto-type Daly detector and a new ion-extraction system by combining a conical ion lens with a potential switch. A high sensitivity Daly detector can obtain 10 times higher detection efficiency than MCP by applying a voltage of -19 kV.
By introducing the potential switch, we could perform a highly sensitive analysis using the function of a mass selector. Furthermore, we succeeded in assembling a flangeon-type ion extraction system that combines the conical ion lens and potential switch. It is exchangeable with a conventional parallel plate electrode.
The feature of this electrode is that the size is compact, and that it is covered with a mesh at the electrically grounded level. We could thus bring the jet nozzle closer to the ionization point, as compared with the conventional parallel-plate electrodes. As a result, we successfully improved the detection sensitivity by 15 times. Furthermore, this electrode did not disturb the supersonic flow, which is important for the selective detection of a specific molecule. In addition, applying our ion-extraction system, which has the function of a mass selector, is useful for monitoring a real gas, e.g. combustion gas, which involves many kinds of organic compounds. Totally, we succeeded in obtaining more than 100 times higher sensitivity than a conventional apparatus. 
